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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause
serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using
laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and
phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes
in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant
decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day
tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most
profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue
fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses
suggested the survival and elevation of the introduced bacterial strains throughout the experiment.
Keywords: TNT, bioaugmentation, biostimulation, phytoremediation, microbial community.
Reference to this paper should be made as follows: Nõlvak, H.; Truu, J.; Limane, B.; Truu, M.; Cepurnieks, G.;
Bartkevičs, V.; Juhanson, J.; Muter, O. 2013. Microbial community changes in TNT spiked soil bioremediation trial
using biostimulation, phytoremediation and bioaugmentation, Journal of Environmental Engineering and Landscape
Management 21(3): 153162. http://dx.doi.org/10.3846/16486897.2012.721784
Introduction
The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),
has been extensively used for over 100 years, and this
persistent toxic organic compound has resulted in soil
contamination and environmental problems at many
former explosives and ammunition plants, as well as
military areas (Stenuit, Agathos 2010). TNT has been
reported to have mutagenic and carcinogenic potential
in studies with several organisms, including bacteria
(Lachance et al. 1999), which has led environmental
agencies to declare a high priority for its removal from
soils (van Dillewijn et al. 2007).
Both bacteria and fungi have been shown to
possess the capacity to degrade TNT (Kalderis et al.
2011). Bacteria may degrade TNT under aerobic or
anaerobic conditions directly (TNT is source of carbon
and/or nitrogen) or via co-metabolism where addi-
tional substrates are needed (Rylott et al. 2011). Fungi
degrade TNT via the actions of nonspecific extracel-
lular enzymes and for production of these enzymes
growth substrates (cellulose, lignin) are needed. Con-
trary to bioremediation technologies using bacteria or
bioaugmentation, fungal bioremediation requires
an ex situ approach instead of in situ treatment (i.e.
soil is excavated, homogenised and supplemented
with nutrients) (Baldrian 2008). This limits applicabil-
ity of bioremediation of TNT by fungi in situ at a field
scale.
Corresponding author: Jaak Truu
E-mail: jaak.truu@ut.ee
JOURNAL OF ENVIRONMENTAL ENGINEERING AND LANDSCAPE MANAGEMENT
ISSN 1648-6897 print/ISSN 1822-4199 online
2013 Volume 21(3): 153162
doi:10.3846/16486897.2012.721784
Copyright ª 2013 Vilnius Gediminas Technical University (VGTU) Press
www.tandfonline.com/teel
Copyright © 2014 Vilnius Gediminas Technical University (VGTU) Press
www.tandfonline.com/teel
JOURNAL OF ENVIRONMENTAL ENGINEERING AND LANDSCAPE MANAGEMENT
ISSN 1648–6897 / eISSN 1822-4199
2014 Volume 22(03): 237–244
http://dx.doi.org/10.3846/16486897.2014.889698
Corresponding author: Thomas Fischer
E-mail: thomas.fischer@tu-cottbus.de
Introduction
The main sources of traffic pollution in roadside soils are 
leakage and combustion of oil and fuel, wear from tires 
and from road furniture, de-icing agents as well as acci-
dental spillages (DWW 2003). The widespread use of hy-
drocarbons in fuels cause  their predominance among or-
ganic atmospheric pollutants, and petroleum products are 
the major source of anthropogenic hydrocarbon pollutants 
found in the atmosphere (Mykhailova et al. 2013; Adeniyi, 
Owoade 2010; Okonkwo et al. 2006; Manahan 1993). To-
tal petroleum hydrocarbons (TPH) from fossil sources 
are not readily biodegradable as compared to biomass or 
soil organic matter, which have been demonstrated to be 
consumed during hydrocarbon degradation (Mykhailova 
et al. 2013; Zyakun et al. 2011; Dilly et al. 2011). However, 
n-alkanes have been reported to degrade more rapidly in 
soil and water than components of the unresolved com-
plex mixture (UCM) contained in mineral oils (Reddy 
et al. 2002). Once deposited on the surface, hydr carbons 
may persist and bioaccumulate in environmental media 
(Alloway 1992), infiltrate into roundwat r aquifers via 
leaching or into surface aquifers by runoff with severe 
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abstract. Total petroleum hydrocarbon (TPH) deposition rates were determined along various roads using the natu-
ral snow cover as deposition trap. Daily deposition rates decreased with distance from the roads, which coincided with 
long-term TPH accumulation in roadside soils. Scanning electron microscopy (SEM-EDX) of the snow meltwater 
sediment revealed occurrence of carbon-rich plaques, which were identified as hydrocarbons using FTIR-microscopy. 
GC-MS revealed that the compounds extracted from the sediment consisted of an unresolved complex hydrocarbon 
mixture (UCM). Individual n-alkanes could not be resolved in the sediment extract, whereas TPHs extracted from 
soils contained a series of n-alkanes peaking at C25-C27. The proportion of UCM compounds from TPHs decreased 
with distance fr m road. We conclude that high-boiling hydrocarbons bind to coarse mineral dust and/or to splash 
water and vehicle spray, which preferentially deposit within a 10 m roadside strip.
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effects on plants (Adam, Duncan 2002; Masakorala et al. 
2013), humans and animals (Amadi et  al. 1996; Albers 
1995). Organic contaminants in roadside soils have been 
receiving considerable attention as a result of traffic inten-
sity (Mykhailova et al. 2013; Adeniyi, Owoade 2010; Bia-
sioli, Ajmone-Marsan 2007; Okonkwo et al. 2006; Unger, 
Prinz 1992). 
Car emissions to the air, mainly incompletely burnt 
gases and dust particles, contribute to the background 
concentration in the atmosphere and are deposited over 
large distances from the road (Schipper et al. 2007). Ho-
wever, elevated amounts of petroleum hydrocarbons 
were reported from within a narrow strip ranging from 
10–25 m (Unger, Prinz 1992; Iurchenko et al. 2013; Myk-
hailova et al. 2013) up to 50–100 m, which were attributed 
to the influence of vehicle spray (Schipper et al. 2007).
It was the aim of this study to determine deposition 
rates of total petroleum hydrocarbons (TPH) on road-
side soils in Kharkov, Ukraine, and to elucidate the role 
of near-road sediment deposition under no-runoff con-
diti ns in a situation of a considerable age of the veh c e 
fleet (UNECE Transport Division Database, 31.12.2008), 
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which typically is characterized by elevated oil leakage and 
tailpipe emissions.
The natural snow cover was used as deposition trap, 
which offers two main advantages: (1) Using meteorologi-
cal snowfall data, the time period of deposition can be de-
termined exactly; (2) Snow with its maximal temperature 
of 0 °C minimizes evaporative hydrocarbon losses from 
the surface. Long-term accumulation of TPH was further 
investigated in soils, and the sediment trapped in snow 
was investigated using scanning electron microscopy, 
equipped with X-ray detection (SEM-EDX) and Fourier 
transformed infrared (FTIR) microscopy.
1. material and methods
1.1. Sampling sites
Soil samples were collected according to ISO 10381-2 
(2003) at distances of 1, 6–8, 15, 40, 60 and 100 m in 
October 2010 from various asphalt roads in Kharkov, 
Ukraine (mean annual temperature: 7.5 °C, mean annual 
precipitation: 520 mm). According to AG Boden (2005), 
the soils were characterized as chernozems developed 
on loess, the soil texture was sandy to clayey silt. The 
background organic C concentration of the soils ranged 
from 22 to 27 g kg–1, the content of carbonates was ne-
gligible (Mykhailova et al. 2013). Five replicates along a 
100 m section at the windward (Akademika Pavlova and 
Traktorostroiteley av. only) and the leeward sides of the 
roads, as referred to the long-term wind direction, were 
sampled. The ground vegetation cover consisted of ruderal 
grass species. No road runoff could be observed, becau-
se all roads investigated were confined by curbs (Fig. 1). 
Instead, road traffic on ponding water caused appearan-
ce of splash water and vehicle spray during and after rain 
events, or after application of de-icing agents.
Snow samples, residing in the roadside area for a 
time period of 19 days, were collected from the windward 
and leeward sides at 5 points from areas of 20×20 cm2 at 
distances of 2 and 8 m from the roads to the total depth 
of the snow cover following the general rules of volume-
based sampling. To avoid hydrocarbon adsorption to the 
walls of the sampling containers as well as gaseous hy-
drocarbon losses, samples were sealed in glass containers 
immediately after collection and transported to the lab. 
Snow sediment was extracted from fresh meltwater after 
melting at 4 °C using 0.2 µm membrane filters, and was 
air-dried at ambient room temperature.
1.2. analytical procedures
TPH concentrations in soil and snow were determined 
gravimetrically according to DIN 38409-56 (2009) after tri-
ple extraction of 20 g soil or in the entire amount of fresh 
meltwater from the snow samples, respectively, with 50 mL 
hexane p.a., clean up over a short aluminium oxide column, 
and solvent evaporation to constant weight at 40 °C.
TPH and fractional composition of petroleum hydro-
carbons of selected soil and snow meltwater samples were 
further determined using GC-MS (Carlo Erba, Fisons) 
after triple extraction of 2 g soil with 5 mL hexane for re-
sidue analysis, clean up over a short fluorosil column, and 
solvent evaporation under hydrocarbon-free nitrogen at 
20 °C to a sample volume of 10–100 µL, depending on 
the results of the gravimetric hydrocarbon determination. 
The analytical procedure corresponded to EN ISO 9377-2 
(2001). A SGE HT8 column at 2 mL min-1 linear Helium 
flow with 1 µL split injection at a split ratio of 20:1 was 
used in GC-MS. Injection temperature was 300 °C. The 
column temperature was 70 °C during injection, was in-
creased after 1 min with a heating rate of 30 K min-1 and 
held constant for 20 min after reaching 320 °C. For de-
tection, positive electron impact ionization (EI+) at 70 eV 
and MS full scan mode with m/z ranging from 50 to 250 
was used. Commercial diesel fuel and Hewlett Packard 
alkane standard Part. No. 18710-60170 were used for qu-
antification and identification of total hydrocarbons and 
n-alkanes, respectively (Mykhailova et al. 2013). 
Volatile organic compounds (VOC, boiling point 
 <250  °C, alkane chainlength <C15), semi-volatile orga-
nic compounds (SVOC, boiling point 250–380 °C, alkane 
chainlength C15–C23) and organic compounds associated 
with particulate matter (PM) or particulate organic matter 
Fig. 1. Roadside of Akademika Pavlova street (a) and 
Traktorostroiteley avenue (b). Surface runoff can be excluded 
the given study, because all roads were confined by curbs
a)
b)
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(POM, boiling point >380 °C, alkane chainlength >C23) 
were identified in the chromatograms using the total ionic 
current (TIC) after elimination of siloxane signals resul-
ting from column bleeding. The proportion of UCM com-
ponents in soil extracts was determined by subtraction of 
the peak area of resolved peaks from the total chromato-
gram peak area, related to the total chromatogram area.
Scanning electron microscopy (Zeiss DSM 962), 
equipped with energy dispersive X-ray fluorescence de-
tection (EDXRF, Oxford Instruments), as well as FTIR 
microscopy (Thermo Centaurµs) were used for micros-
tructural analysis of the meltwater sediment. FTIR me-
asurements were performed in diffuse reflectance mode 
with Kubelka-Munk correction and with a spectral reso-
lution of 4 cm–1 against a gold mirror as background. In 
FTIR spectroscopy, net peak heights were determined to 
account for the intense OH vibration peaking at 3400 cm–1 
and for baseline drift in the C = O region. Soil carbon was 
determined by dry combustion using a CNS Analyser 
(Elementar, Germany).
1.3. Statistics
Statistical procedures included analysis of variance (ANO-
VA) and the post-hoc Tukey-test after Bartletts test for 
homogeneity of variance. The Wilcoxon signed rank test 
was used if homogeneity of variance was not met. The R 
software suite was used for all statistical calculations.
Mattsons Win1st FTIR software was used for pro-
cessing the FTIR spectra. Box-whisker-plots were used 
to depict median values (bold lines) and variation (upper 
and lower quartiles in boxes, data ranges as whiskers, ou-
tliers as circles) of CH/C = O signal ratios and the propor-
tion of the chromatogram area of UCM compounds on 
the total chromatogram area.
2. results
2.1. Soil
Soil TPH concentrations are given Table 1. Maximal va-
lues were observed in 1 m distance from the roads and 
amounted up to >3000 mg kg–1 at a sampling depth of 
0–0.5 cm. TPH concentrations decreased more or less 
exponentially with distance from road and with sampling 
depth (data not shown), where background values amoun-
ted to approximately 100 mg kg–1, which were reached in 
100 m distance on the windward sides of the roads.
Clearly elevated above background values were ob-
served on the leeward sides, reaching amounts of 390–
540  mg  kg–1 in 100 m distance from Pushkinskaya and 
Bluechera streets, respectively. Analysis of variance, where 
logarithmic distance and depth data were processed, reve-
aled a significant influence of traffic intensity (F-Test, p = 
0.013), distance from road (F-test, p < 0.001), sampling 
depth (F-test, p < 0.001), exposition to wind direction (F-
test, p < 0.001) and period of road exploitation (F-test, p < 
0.001) on soil TPH concentrations. 
2.1. meltwater sediment
Depositional flow of total petroleum hydrocarbons to 
snow amounted up to 63 mg m–2 d–1 in 2 m distance, 
which was significantly (Tukey-test, p = 0.05) higher than 
values obtained in 8 m distance regardless of the road 
investigated, and which amounted up to 31 mg m–2  d–1 
(Fig. 2). Values tended to be higher on the leeward side, 










Distance from road (m)
1 m 6–8 m 15 m 40 m 60 m 100 m
Akademika Pavlova 40 2050
Leeward 3149 n.d. 347 233 225 125
Windward 785 n.d. 361 151 146 113
Pushkinskaya 20 960 Leeward 1900 n.d. n.d. n.d. n.d. 390
Bluechera 40 1430 Leeward 2800 n.d. n.d. n.d. n.d. 540
Traktorostroiteley 40 1120
Leeward 2766 2712 302 121 116 98
Windward 661 462 248 229 194 176
 
Fig. 2. Depositional flow of total petroleum hydrocarbons on 
snow. Same letters indicate non-significant ranges (Tukey-test, 
p = 0.05), n.d. – not determined.
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but did not differ significantly from the samples taken 
from the windward side.
The meltwater sediment mainly consisted of mineral 
fine sand and silt (mean particle diameter < 200 µm, AG 
Boden (2005)). SEM-EDX images of snow meltwater filter 
sediments, including Ca and C element maps, are depic-
ted in Figure 3. Carbon-rich plaques on the surface of the 
sediment (mapped in red) were more pronounced in 1 m 
distance from the road compared to 8 m.
A microscopic image of snow meltwater filter sedi-
ment sampled at 1 m distance from road is shown Figu-
re 4, which exemplifies a dark-coloured measuring field 
a)
b)
Fig. 4. Microscopic image of snow meltwater filter sediment 
sampled at 1 m distance from road: (1) dark-coloured 
measuring field; and (2) background measuring field for FTIR 
microscopy
Fig. 5. FTIR spectra of: (1) the dark-coloured; and (2) the background measuring fields 
depicted in Figure 4. Engine oil is provided as analytical reference
Fig. 3. SEM image of snow meltwater filter sediments: (a) 
sampling distance 1 m; (b) sampling distance 20 m. Carbon 
is mapped in red, Ca is mapped in blue colour. Ca may be 
geogenic (from loess) or anthropogenic (from de-icing agent)
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and its respective background for FTIR microscopy. The 
respective FTIR spectra are shown Figure 5.
FTIR spectra were generally characterized by a bro-
ad band peaking at 3400 cm–1, which can be attributed 
to the OH vibration originating from soil organic matter 
(alcoholic, phenolic OH), from residual moisture (H2O), 
but also from OH bound to phyllosilicates. Individual 
peaks on the left shoulder of the broad OH-band (3500–
4000 cm–1) most likely derive from phyllosilicatic inner 
surface Al-OH vibrations (mica, kaolinite, smectites). 
A sharp and intense band between 2800 and 3000 cm–1 
characterizes the CH stretching vibration of saturated C-
structures, which is very typical for organic matter. Due 
to missing sharps peak between 3000 and 3100 cm–1 the 
presence of unsaturated aliphatic structures could not be 
confirmed. Peaks in the 1700–1750 cm–1 range typically 
characterize organic C = O double bonds, like carboxyl-, 
carbonyl- and ester-C, which are typical for biogenic 
structures like biomass or soil organic matter, but absent 
in petroleum products (cf. reference Fig. 5). 
The median values of the CH/C = O signal intensity 
ratios amounted to 0.57 and 0.36 for the dark coloured hot 
spots on snow meltwater filter sediment in 1 and 20 m dis-
tance from the roads, respectively, and significantly (paired 
Wilcoxon signed rank test, p < 0.01) exceeded the respecti-
ve neighbouring background values, which amounted to 
0.34 and 0.15 for the reference measuring fields in 1 and 
20 m distance from the roads, respectively (Fig. 6). 
GC-MS revealed that hydrocarbons belonged mainly 
to the VOC and SVOC fraction in commercial diesel 
fuel, peaking at C18 (Fig. 7a), to the SVOC and PM/
POM fractions in soil extracts (Fig. 7b–d), but mainly to 
the fraction bound to particulate matter or POM in the 
meltwater filter extract. Typical series of n-alkane peaks 
could not be observed in the chromatograms of the melt-
water filter extracts (Fig. 7e). Soil extracts had an n-alkane 
pattern resembling that of diesel fuel and consisting of a 
series of even- and odd-numbered chainlengths, but at a 
higher boiling range, peaking at C25–C27. On the other 
hand, filter extracts mainly contained an unresolved com-
plex mixture (UCM) forming broad humps. The propor-
tion of the chromatogram area of UCM components on 
the total chromatogram area for samples taken in 0–15 m 
distance from the roads significantly exceeded that of 
samples taken in 40–100 m distance (Wilcoxon rank sum 
test with continuity correction, p < 0.001) and amounted 
to median values of 88% and 83%, respectively (Fig. 7f).
3. Discussion
The TPH concentration in soils depends on traffic inten-
sity (Adeniyi, Owoade 2010; Biasioli, Ajmone-Marsan 
2007; Okonkwo et al. 2006; Unger, Prinz 1992), as well as 
on meteorological and on further peripheral conditions, 
Fig. 6. Boxplot of the CH/C = O ratios for dark coloured hot spots 
and neighbouring background of snow meltwater filter sediment 
sampled at 1 m (left) and 20 m distance (right) from road. n = 5
like wind, geomorphology, road construction, buildings, or 
on vegetation. Hence, TPH amounts along roadside soils 
reported in the literature vary widely, reaching maximum 
levels of approximately 1100 mg kg-1 soil in 1 m distance 
from a German freeway (50000 vehicles per day, Unger, 
Prinz 1992), and up to approximately 19500 mg kg-1 soil in 
Nigeria (Mykhailova et al. 2013; Adeniyi, Owoade 2010). 
The maximum levels found in this study amounted to 
>3000 mg kg–1 soil at a traffic intensity of up to 25000 ve-
hicles per day. In particular, for perpendicular approaching 
wind, markedly higher atmospheric pollutant concentra-
tions at the leeward side and slightly lower concentrations 
at the windward side were observed by Gromke and Ruck 
(2009), which may explore the higher soil TPH concentra-
tions at the leeward side here. Unger, Prinz (1992) repor-
ted that background levels were reached at a distance of 
10–25 m from the road, which could be confirmed by the 
findings of this study with elevated concentrations at 15 m 
distance from road (Table 1, Mykhailova et al. 2013).
SEM-EDX revealed carbon-rich plaques on the sur-
face of the sediment, which were more pronounced in 
1 m distance from the road compared to 8 m. The XRF 
C signal (red) did not coincide with the Ca signal (blue), 
indicating the organic nature of the plaques instead of car-
bonates (Fig. 3). This observation confirms the findings of 
snow meltwater extraction that TPH deposition decrea-
ses with distance (Fig. 2). Stewart et al. (2013) suggested 
that available heavy hydrocarbon contaminants tended to 
sorb onto sediment as snow melts rather than partitioning 
into the aqueous phase. Consequently, hydrocarbons do 
not need to be adsorbed primarily to sediment, because 
dissolved or dispersed in splash water or vehicle spray 
hydrocarbons accumulate in the solid phase while water 
infiltrates into the soil (this process was simulated in our 
experiment by membrane filtration).
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FTIR microscopy (Fig. 4) revealed a wider CH/C = O 
ratio for the dark-spotted areas, indicating accumulation 
of compounds poor in carboxyl, carbonyl or ester bonds. 
Absence of narrow bands in the 3000–3100 cm–1 range 
further indicates the aliphatic nature of the respective 
compounds (Figs 5 and 6). 
Diesel fuel typically contains large amounts of n-alka-
nes, which form a characteristic pattern in chromatograms 
(Fig. 7a) and which significantly exceed the signal intensi-
ty of an unresolved complex mixture (UCM). Contrarily, 
components of high-boiling oils or tar cannot be resolved 
sufficiently in one-dimensional GC and form a typical 
UCM hump (Wang et al. 2012). Thus, the appearance of 
diesel-like n-alkane patterns in roadside soil extracts points 
to incompletely combusted high-boiling components of fuel 
as the origin of soil hydrocarbons, which clearly can be dis-
tinguished in all soils regardless of the distance from the 
roads (Fig. 7b–e), and, hence, translocate over larger distan-
ces. It is unlikely that the series of n-alkanes found in soil 
extracts originates from biomass, because fatty acid biosynt-
hesis commonly generates even-numbered alkyl chains by 
subsequently adding C2-units deriving from acetyl CoA. In 
contrast, mineral oil contains series of both even- and odd-
numbered n-alkanes (Fig. 7a–d).
UCM predominantly found in near-road snow sedi-
ment also dominated in extracts of soils sampled within 
a 10 m range, whereas background soils contained smal-
ler proportions of UCM compounds (Fig. 7f). It should 
be considered here that laboratory-produced meltwater 
samples typically suffer from heating during the melting 
Fig. 7. GC-MS chromatograms of: (a) commercial diesel fuel, containing 5% fatty acid methyl esters (F.A.M.E.), purified hexane 
extract of roadside soils, distance; (b) 1 m ; (c) 40 m; and (d) 100 m from Pushkinskaya street; (e) purified hexane filter extract; (f) 
boxplot of the percentage of unresolved complex mixture (UCM) compounds from total, distance classes 1–15 and 40–100 m, sam-
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process; thus most volatile compounds likely volatilised 
prior or during this experiment (Stewart et al. 2013). Ho-
wever, our hypothesis of predominance of UCM meltwa-
ter sediment compared to soil is supported by the fact that 
roadside soils are subjected to higher temperatures: Soils 
would contain more light hydrocarbons if they would not 
heat up during summer, which is not possible for snow 
sediment prepared at a maximal temperature of 4 °C. 
High-boiling organic tailpipe emissions condense in 
the air forming secondary organic aerosol (SOA, “micro 
tarballs”). Gentner et al. (2012) reported that chainlengths 
in SOA formed from diesel car emissions range from C6 
to >C25 and peak at around C20, whereas our results indi-
cate a shifted range towards longer chains for soil extracts, 
peaking at C25–C27 (Fig. 7b–e). Car emissions to the air, 
mainly incompletely burnt gases and dust particles, are 
deposited over larger distances from the road (Schipper 
et al. 2007). Due to elevated TPH concentrations within 
a 10 m strip (Table 1), due to elevated hydrocarbon depo-
sition rates close to the roads (Fig. 2), and due to the de-
positional patterns of vehicle spray reported by Schipper 
et al. (2007), we hypothesize that dry deposition of hydro-
carbons bound to mineral soil particles, or wet deposition 
in conjunction with splashwater or vehicle spray would be 
the preferable pathways of hydrocarbon deposition on ro-
adside soil. In contrast, direct adsorption of VOCs from 
the gas phase onto the soil surface and dry deposition of 
hydrocarbon carrying (fine) aerosol, including seconda-
ry organic aerosol (SOA) formed from tailpipe emissions, 
are considered to be less significant for elevated roadside 
TPH concentrations, because these fractions are known to 
be subjected to long-distance transport. While preferred 
sedimentation of these fractions within a couple of meters 
from their emission source cannot be expected, they well 
may contribute to elevated large-scale background levels. 
Further, typical VOCs (like low boiling alkanes, cycloalka-
nes, benzene, toluene, xylenes, napthalenes, etc. Gentner 
et al. 2012; Sheng et al. 2006) could not be extracted from 
any of the soils of this study. Due to their high vapour 
pressure typical VOCs likely prevail in the gas phase and 
adsorb little to the soil surface. 
The decomposition of n-alkanes in soil is preferred 
compared to the decomposition of UCM hump forming 
iso-alkanes (Reddy et al. 2002). Hence, the presence of n-
alkane patterns in soil extracts after decades of road exploi-
tation indicates the establishment of a dynamic equilibrium 
state, pointing to ongoing deposition of SVOC hydrocar-
bons into, as well as their ongoing decay in soils. 
conclusions
Summarizing the FTIR findings that snow sediment car-
ries aliphatic substances poor in C = O, the GC-MS fin-
dings that predominantly UCM compounds could be ex-
tracted from this sediment, the spatial TPH depositional 
patterns on snow and soil, as well as the SEM finding that 
high-boiling petroleum hydrocarbons like engine oils or 
tar are associated with mineral particles belonging to the 
fine sand and silt fraction, it can be concluded that high 
boiling UCM hydrocarbons preferably deposit within a 
10 m strip along roads. Under wet road conditions par-
ticles carrying hydrocarbons are likely bound to or washed 
out by splash water or vehicle spray, resulting in accumu-
lation of UCM compounds near the road, whereas n-al-
kanes prevail at larger distances. A dynamic equilibrium 
between deposition, degradation and leaching of hydro-
carbon fractions can be proposed. Further investigation 
of this equilibrium promises to utilize natural hydrocar-
bon degradation for the reclamation of contaminated sites. 
Elevated depositional hydrocarbon flow corresponded to 
long-term TPH accumulation in roadside soils.
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